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INTRODUCTION
Tandem lesions are modifications of DNA in which two adjacent nucleotides on the same strand are modified. The exemplar displayed in Fig. 1a , denoted as d(G^T), has adjacent nucleotides linked by a covalent bond between C8 of guanine and the methyl carbon atom of thymine. This type of tandem lesion was initially observed in DNA oligomers X-irradiated in solution under hypoxic conditions (1) . Detection of d(C^G) in X-irradiated DNA oligomers by liquid chromatography-tandem mass spectrometry (LC-MS/ MS) revealed a unique fragmentation pattern of four products that elute simultaneously (2) . We reasoned that analogous fragmentation would take place in tandem lesions regardless of how the adjacent bases were linked. Based on this assumption a comprehensive in vitro assessment was made of covalently linked tandem lesions in X-irradiated DNA. We observed 15 tandem lesions in DNA X-irradiated in vitro in a hypoxic environment and 5 tandem lesions in DNA X-irradiated in an oxygenated environment.
MATERIALS AND METHODS
Double-stranded calf thymus DNA was X irradiated at 480 Gy in aqueous solution. For the hypoxic study, the solution was continuously flushed by an N 2 stream that had passed through an OMI gas purifier (Supelco). The experiment was repeated with the DNA solution continuously flushed with oxygen. The DNA was fractionated into aliquots of 100 lg and was enzymatically hydrolyzed as follows: 100 lg DNA was lyophilized to dryness, denatured by adding 25 ll H 2 O, and heated to 958C for 5 min, then cooled in dry ice for 5 min. Enzymatic hydrolysis was accomplished by adding 25 ll ZnCl 2 , 3.0 mM, 7.5 ll 0.25 M sodium acetate, pH 5.2, 1.0 ll nuclease P1 equivalent to 1.0 unit, followed by incubation at 378C for 2 h. Next, 12.5 ll Tris HCl, 1.0 M, pH 9.0, and 75 units of alkaline phosphatase from bovine intestinal mucosa were added and the solution incubated an additional 2 h at 378C. The sample was filtered using a Spin-X HPLC micro centrifuge filter, 0.22 lm nylon, and was centrifuged at 9000g for 2 min. The filtrate was lyophilized to dryness and transferred to a MS/MS vial in 25 ll H 2 O. LC-MS/MS measurements were made on an AB Sciex Qtrap 5500 instrument operating as a triple quadrupole in the negative ion mode.
RESULTS

Detection of Tandem Lesions
Tandem lesions linked by a covalent bond can be released from DNA by sequential treatment with nuclease P1 and alkaline phosphatase (2) . For detection of d(G^T) by LC-MS/MS, the spectrometer is programmed for the MS/MS values 568/470 and 568/274 consistent with the double breakpoints shown in Fig. 1a . Two additional transitions can be observed for MS/MS values 568/427 and 568/231 resulting from a further breakdown of the primary products with the loss of 43 mass units. The four fragments, generated simultaneously from the same precursor in the Q2 collision chamber of the spectrometer, appear in their respective elution profiles at identical elution times, as shown in Fig. 2 . This method of detection serves to uniquely distinguish covalently linked tandem lesions from other forms of ROS-induced DNA damage.
A reasonable hypothesis is that dinucleoside monophosphates linked by a covalent bond will fragment analogously to d(G^T) irrespective of the chemical form of the linkage. Based on this hypothesis a comprehensive in vitro search for tandem lesions in X-irradiated calf thymus DNA was undertaken. The DNA was irradiated in deoxygenated solution. For a tandem lesion of a given precursor ion molecular weight (first MS value), the molecular weight of its four fragment ions (second MS value) can be calculated. Thus, the fragmentation generated signals for MS/MS values W/(W-98), W/(W-294), W/(W-141) and W/(W-337) where W is the molecular weight of the parent tandem ion. The first MS value was scanned in increments of one mass unit over the mass range from 510-630 Da. Twelve DNA samples were prepared. Each sample was analyzed for 10 sets of three MS/MS values (the predictably weakest transition was omitted) for a total of 360 LC-MS/MS profiles. Altogether, 15 covalently linked tandem lesions were revealed as was evidenced by 15 sets of LC-MS/MS elution profiles having three peaks exactly coincident. The prototype tandem lesion, d(G^T), serves as an example (Fig. 2) . MS/MS values, elution times, and relative intensities of the largest peak in each set of profiles are tabulated in Table 1 . Several of these results could have been anticipated because the ROS-induced covalently linked tandem lesions shown in Fig. 1 have already been reported in the literature (3) (4) (5) . Molecular weights that were compatible with all of the tandem lesions anticipated from the literature are, in fact, observed. Structures that are compatible with the observed molecular weights are referenced in Table 1 . A further observation is that if MS/MS values are calculated for the structures shown in Fig. 1, except replacing a guanine base with adenine or vice versa, these calculated values are also found in Table 1 . Light-induced tandem lesions are not included in Fig.1 .
Some additional observations are of interest. The tandem lesion that served as the prototype for this study (Fig. 1a) , generated the largest signal in the comprehensive assessment. This finding comports with the observation that the yield of this product is the largest of all products in d(CGTA) X irradiated in deoxygenated solution (1) . Some sets of profiles evidenced additional sets of weaker signals, e.g., products eluting identically but at a different elution time from the main product (Fig. 2) . Evidently, structurally different tandem lesions are produced having the same molecular weight as the main product. This finding is likely due to isomers, perhaps even sequence isomers (6) .
The foregoing experiment was repeated using DNA Xirradiated in an oxygenated environment. Under this condition, 5 sets of MS/MS values revealed the formation of tandem lesions. Table 2 lists the MS/MS values, relative intensities and elution times for these tandem lesions. Two of the entries in Table 1 have the same MS/MS values as an entry in Table 1 and may well be the same product.
Structures of Tandem Lesions
For some purposes it may suffice to characterize a DNA radiation product simply by its mass, chromatographic properties and as a tandem lesion formed by a covalent link between nucleotides. However, a more complete structural identification is always preferable. In this section we illustrate how a more complete structural characterization of a tandem lesion can be ascertained employing an oligomer that contains the lesion in question. For example, our prototype tandem lesion, d(G^T), was originally identified in d(CGTA) after X irradiation in deoxygenated solution (1) . The product was characterized in the modified tetramer by mass spectrometry and proton NMR spectroscopy. Our task here is to demonstrate that a product obtained from irradiated DNA is identical to the identified product in d(CGTA).
Calf thymus DNA was X irradiated in deoxygenated solution as described in Materials and Methods. The LC-MS/MS profiles, shown in Fig. 3 , left side, were obtained from samples of X-irradiated DNA prepared in standard fashion as described in Materials and Methods. The two profiles in Fig. 3 , left side, were obtained with the spectrometer programmed for the distinctive MS/MS values appropriate for the two main transitions expected for the tandem lesion d(G^T). Remember that these products must elute identically. The two profiles demonstrate clearly that the irradiated DNA contains a lesion of the expected molecular weight that has the peculiar properties of a tandem lesion. The next question is whether this product is the same tandem lesion identified in d(CGTA). Fig. 3 that are derived from a sample of a half and half mixture of the two DNAs, manifest a single product.
The tandem lesion Fig. 1f was identified previously by mass spectrometry and proton NMR spectroscopy as a radiation-induced modification of d(CATG) (4). The experiment illustrated in Fig. 3 was repeated using the MS/MS values shown in Table 1 for tandem lesion no. 14. Results completely analogous to those shown in Fig.3 were obtained, except that each profile exhibited two main peaks attributable to stereoisomers. Thus, d(C^G) identified in irradiated oligomer is also found in irradiated calf thymus DNA.
CONCLUSION
We are interested in ROS-induced DNA damage as it relates to cancer (7) . Tandem lesions are increasingly recognized as an important aspect of oxidative DNA damage (8) (9) (10) (11) (12) . A subcategory of tandem lesions, adjacent nucleosides that are covalently linked, is the subject of this study. The fragmentation of covalently linked tandem lesions produced in the collision chamber of the mass spectrometer generates distinctive LC-MS/MS profiles. Since the two nucleotides are doubly linked, enzymatic hydrolysis of the DNA does not dissociate the nucleotides. Fragmentation products are generated by double breaks causing loss of the phosphate group or loss of the dideoxyribophosphate group. The residual ions are reduced in molecular weight from that of the precursor ion by 98 and 294 Da, respectively. Two other ions, the genesis are less An LC-MS/MS search was carried out for covalently linked tandem lesions in calf thymus DNA X-irradiated in a deoxygenated environment. The same experiment was repeated using DNA X-irradiated in an oxygenated environment. A total of 15 tandem lesions were detected in DNA X-irradiated in the absence of oxygen and 5 were detected in DNA X-irradiated in the presence of oxygen. Each lesion was characterized by its molecular weight, relative yield and LC elution time. Based on a consideration of molecular weights, fewer than half of the tandem lesions detected herein have been described in the literature.
The repair and potential mutational consequences of tandem lesions are being elucidated (13) (14) (15) (16) . Recently, a particularly noteworthy endeavor has demonstrated the presence of the prototype lesion (Fig. 1a) in the DNA of tissues from healthy humans (18) .
LC-MS/MS technology provides a definitive and sensitive method for detecting a category of ROS-induced DNA damage that is otherwise difficult to characterize. Although we cannot be sure all covalently linked tandem lesions are detected by this method (17) , our research provides an enlarged perspective of an aspect of ROS-induced DNA damage that has been largely overlooked until recently.
